ABSTRACT. Coastal cliff retreat along the Chukchi Sea coast from Barrow to Peard Bay is determined by comparison of 1949 and 1976 vertical arial photographs. Results indicate that the cliffed coast line had a mean long-term retreat rate of 0.31 m/yr. This retreat is considerably lower than that reported for the Beaufort Sea coast and suggests that offshore permafrost along the Chukchi Sea coast may be relatively scarce. Cliff retreat is lowest near Barrow, about 0.06 mlyr, and increases to the south. Migratory offshore bars, beach-borrow activity, and variations in annual wave energy levels due to storms cause temporal variation in the coastal erosion rates.
INTRODUCTION
The long-term erosion rates along the Chukchi coast from Barrow to Peard Bay were determined as part of a larger study on the physical processes affecting tundra cliff stability along arctic coastlines (Harper, 1978) . Estimates of shoreline retreat on this coast are of interest because of 1) their variance with other coastal retreat rates in the Barrow area (Lewellen, 1970 (Lewellen, , 1977 ; 2) their importance in sediment budget calculations; and 3) their relationship to the potential occurrence of offshore permafrost along the Chukchi Sea coast.
The 75-km coastline from Barrow to Peard Bay ( Fig. 1 ) is backed by nearly continuous cliffs. Maximum cliff heights exceed 18 m and are generally greater than 10 m (Harper, 1978) . Cliff sediments are comprised of the Gubik Formation, mainly unconsolidated clays, silts, and sands (Black, 1964) and Cretaceous clays which crop out at the cliff base along much of the coast (Hopkins, personal communication) . Although most of the sediments are unconsolidated, bonding by frozen interstitial pore water cements the sediments into a rock-like material. The presence of pack ice limits the open water season, usually to less than 3 months, and wave heights seldom exceed 1 m (Hartwell, 1972) .
Previous investigations of coastal erosion in the Barrow region have been carried out by MacCarthy (1953) , Lewellen (1970 Lewellen ( , 1972 Lewellen ( , 1977 , Hume (1965) , Hume and Schalk (1967) , and Hume et al. (1972) . These studies have shown that cliff retreat rates in Elson Lagoon, east of Barrow, are high, generally exceeding 1 m/yr (MacCarthy, 1953; Lewellen, 1970 Lewellen, , 1972 , and occasionally exceeding 10 m/yr (Lewellen, 1970 (Lewellen, , 1977 . However, on the Chukchi Sea coast southwest of Barrow there has been less consistency in reported erosion rates. MacCarthy (1953) reports retreat rates which range from 0 to 1 m/yr for the coastal cliffs. Hume et al. (1972) Barrow over a 21-year period (1948 to 1969) and indicate that cliff erosion rates range from 0.3 m/yr to 3.0 m/yr with long-term retreat of over 2 m/yr. They suggest that the temporal variations in erosion rates are related to the passage of intense storms and that spatial variation is related to the presence of offshore bars and borrow pits. A common point on the respective photos was identified, usually a distinctive polygon intersection pattern, and the distances to: 1) the cliff edge; 2) the cliff base; and 3) the water line were noted. At some stations, only one or two of these distances could be measured owing to the presence of snow cover or to the indistinctness of the cliff edge.
The distances were measured with a magnifying scale readable to 0.1 mm. In order to determine the precision of the measurements, sampling error (error resulting from uncertainty in the measurement technique) was estimated in a separate analysis. At ten stations along the coast, retreat (at the cliff base) was estimated five times, and a statistical analysis of this data provided an estimate of variance between stations (i.e., experimental error) and that within stations (i.e., sampling error) (Steel and Torrie, 1960, p. 119).
COASTAL EROSION CHUKCHI SEA COAST
Sampling error accounted for less than 1% of the sample variance and was neglected in further calculations.
Other possible errors include shrinkage of prints, lens distortions, atmospheric refraction distortions, and photograph tilt. The first three of these were assumed minor. Tilt errors were minimized by determining the relative scales of each set of compared photos and by measuring short distances.
RESULTS
The results (Table 1) indicate that this section of the Chukchi Sea coast is erosional, retreating at an average rate of 0.31 m/yr (k0.06 m/yr, 95% confidence interval). This mean was computed by averaging: 1) retreat rates computed for the cliff base; and 2) retreat rates for the cliff top stations where no cliff base rates were available ( Table 1) . The cliff base is probably the more reliable feature of cliff morphology as the cliff top is often indistinct owing to the sawtoothed form, and the water line position is subject to large temporal variations and thus is a poor estimator of retreat.
Retreat rates are further compartmentalized into 5-km shoreline averages ( Table 2) . These means were computed by averaging retreat rates of all stations occurring within the 5-km segment (Fig. 1) .
DISCUSSION OF RESULTS
The coastal cliff retreat rates listed in Table 1 are surprisingly low compared to reported erosion rates for the Beaufort Sea coast (Lewellen, 1970 (Lewellen, , 1977 . The retreat rate along the Chukchi Sea coast of 0.31 m/yr is nearly an order to magnitude less than the 2.7 m/yr average for the Beaufort Sea coast, computed from Lewellen's (1977) data (mean of 105 observations from Point Barrow to Demarcation Point). Possible explanations for this difference include: 1) cliff sediments on the Chukchi coast are generally coarser and less easily removed by suspension; 2) ice contents of the Chukchi Sea cliffs are lower, resulting in less susceptibility to thermal erosion; 3) the lower Beaufort Sea coast cliffs release much less sediment than Chukchi Sea cliffs for a given amount of erosion; and 4) topography may be important in controlling the distribution of mass-wasting processes, which in turn controls erosion rates (Harper, in preparation) . One probable consequence of the low erosion rates is that offshore permafrost may be much less extensive than that found in Beaufort Sea areas. Some spatial variation exists in the erosion rates ( Table 2 ). The measurements indicate that the coastline for 15 km south of Barrow is nearly stable, with retreat rates farther to the south fairly constant at 0.3 to 0.4 m/yr. The maximum retreat rate measured was 1.5 m/yr (this is also the only observation made between kilometres 40 and 45, Table 2 ). In terms of longshore power gradients (May and Tanner, 1973) , decreasing erosion rates to the north should be expected from waves predominantly out of the southwest .
There is a discrepancy between the long-term bluff retreat rates reported by Hume et al. (1972, Table 1 ) and those of Table 2 for the Barrow area. As previously mentioned, these authors noted a range in cliff retreat rates from 0.3 to 3.0 m/yr with a 21-yr mean of 2.2 m/yr. Their study apparently fell in an area of highly localized erosion that is atypical of the coast as a whole. The effect of beach borrow and the presence of offshore bars is mentioned by the authors as a possible source of this variation. In the present study only those
observations made south of Barrow Village were used, thus minimizing the possible influence of beach borrow pits. The influence of offshore bars in controlling erosion rates is uncertain. Short (1975) notes that along this coast offshore bars frequently attach to the shoreline at an acute angle and that beaches associated with these attachment points are significantly wider than surrounding beaches. In theory, these wider beaches afford greater protection from wave attack, and one would expect cliff erosion rates at these points to be lower, However, 34 observations made at nine bar attachment points give a mean retreat rate of 0.30 m/yr, almost exactly equal to the mean retreat rate for the entire coast. In summary, several observations may be made about coastal cliff retreat along the Chukchi Sea coast between Barrow and Peard Bay. These are:
1) The mean cliff retreat rate, 0.31 m/yr ( k O . 0 6 mlyr, 95% confidence interval), is relatively low compared to Beaufort Sea coastal retreat rates; 2) This low retreat rate suggests that offshore permafrost will be relatively scarce off the Chukchi Sea coast; 3) Retreat rates in the first 15 km southwest of Barrow, of less than 0.15 m/yr, are the lowest along the coast whereas along the next 60 km of coast, retreat rates are fairly uniform, ranging between 0.20 and 0.5 mlyr; 4) The influence of offshore bars on retreat rates is less than expected, possibly because of the migratory nature of bar attachment points; and 5 ) Temporal variations in erosion rates may result from variations in annual wave energy levels associated with storms, migratory bar-attachment points, and localized beach borrow activity.
